Effects of hypoglycemia on cardiac autonomic regulation may contribute to the occurrence of adverse cardiac events. This study assessed the effects of sustained hyperinsulinemic hypoglycemia on cardiovascular autonomic regulation in type 1 diabetic patients and their nondiabetic counterparts. The study consisted of 16 type 1 diabetic patients and 8 age-matched healthy control subjects who underwent euglycemic and hypoglycemic clamp procedures in a random order. Heart rate variability was measured from continuous electrocardiogram recordings by time and frequency domain methods, along with Poincaré plot analysis during both a hyperinsulinemic-euglycemic and hypoglycemic clamp at three different glucose levels (4.5-5.5, 3.0 -3.5, and 2.0 -2.5 mmol/l). Controlled hypoglycemia resulted in an increase of supine heart rate in both the diabetic patients (from 72 ؎ 9 to 80 ؎ 11 bpm, P < 0.01) and the control subjects (from 59 ؎ 5 to 65 ؎ 5 bpm, P < 0.05) and progressive reductions of the high-frequency spectral component and beat-to-beat heart rate variability (SD1; P < 0.05 in the diabetic patients and P < 0.01 in control subjects). No significant changes in heart rate variability occurred during the euglycemic clamp. We conclude that hypoglycemia results in a reduction of cardiac vagal outflow in both diabetic and nondiabetic subjects. Altered autonomic regulation may contribute to the occurrence of cardiac events during hypoglycemia. Diabetes 54:744 -750, 2005 D uring hypoglycemia the release of counterregulatory hormones serves to maintain blood glucose homeostasis. The response of catecholamines is normally not important, but it becomes critical when the response of glucagon is deficient, as in type 1 diabetic patients, who are largely dependent on epinephrine to correct and prevent hypoglycemia (1,2).
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Many studies have documented impaired secretory responses of epinephrine to plasma glucose decrements in type 1 diabetic patients (1, 3) . This response impairs gradually over several years after the diagnosis of diabetes. In diabetic patients, the blunted response of counterregulatory hormones may result in a loss of the ability to recognize developing hypoglycemia (1, 3, 4) . Recurrent iatrogenic hypoglycemia also elevates the glycemic thresholds for symptoms and for the activation of the glucose counterregulation system (3) (4) (5) (6) (7) (8) (9) . It has also been hypothesized that hypoglycemia may play a role in the "dead in bed" syndrome, i.e., the sudden nocturnal death of young individuals with type 1 diabetes (10, 11) .
Heart rate variability has been increasingly used to assess autonomic function in various physiological and pathological settings, including the assessment of autonomic dysfunction in diabetic patients (12) (13) (14) (15) (16) (17) (18) . There are some reports on changes in heart rate variability during hypoglycemia among healthy subjects (19 -20) , but less is known about hypoglycemia-induced changes in cardiac autonomic regulation in diabetic patients. The present study was designed to assess and compare changes in heart rate and heart rate variability during a hyperinsulinemichypoglycemic and euglycemic clamp among type 1 diabetic patients and age-matched nondiabetic subjects.
RESEARCH DESIGN AND METHODS
A total of 16 patients (7 men and 9 women), mean age of 32 Ϯ 8 years (range 18 -46 years), with type 1 diabetes and 8 healthy subjects (3 men and 5 women), mean age 34 Ϯ 10 years (22-48 years), participated in the study (Table 1 ). The known duration of diabetes was 13 years (2-29 years), and glycemic control was fairly strict (mean HbA 1c 7.0%, 5.8 -8.7%). The diabetic patients and healthy subjects were all normal by weight (BMI 23.2 Ϯ 1.7 vs. 24.1 Ϯ 2.3 kg/m 2 , respectively). None of the patients or the healthy control subjects had a previous history of cardiovascular disease or clinical evidence of heart disease, and all had normal electrocardiograms. There were no signs of diabetic complications, with the exception of nonproliferative and treated proliferative retinopathy. There was no clinical evidence of neuropathy, and all bedside autonomic tests (Valsalva, deep breathing, and orthostatic test) were within the reported normal range (21, 22) . The study protocol was approved by the local ethical committee at Oulu University Hospital, and all of the patients and healthy subjects signed informed consent forms approved by the ethical committee. Protocol. Both euglycemic and hypoglycemic clamp procedures were performed at intervals of at least 1 week in a random order. The study subjects arrived in the laboratory in the morning after an overnight fast. The diabetic patients had taken their last subcutaneous insulin injection before bedtime and did not take their morning insulin dose on the day of the study. They were instructed to avoid hypoglycemia (symptoms or blood glucose Ͻ3.0 mmol/l) during the preceding 24 h and to eat a light snack if their bedtime glucose was Ͻ6.0 mmol/l. On the morning of the study day, a cannula was inserted into an antecubital vein of the left arm for infusion of glucose and insulin. A second cannula was placed into a large vein on the right forearm for blood sampling. The hand and forearm were placed in a heated box (45°C) to ensure arterialization of venous blood. The R-R interval was measured continuously with a real-time microprocessor-based QRS detection system (Polar Electro, Kempele, Finland) (23) . The R-R interval recorder was connected to the patient via two dermal electrodes. At every glucose level, a 12-lead electrocardiogram was recorded. Blood pressure (BP) was measured from a finger of the left hand using a Finapress finger-cuff method. Blood samples were taken for analyses of blood glucose, serum potassium, and counterregulatory hormones. Hypoglycemic symptoms were registered using a symptom questionnaire, which listed 11 different symptoms: tremor, heart pounding, nervousness, sweating, tingling, hunger, tiredness, faintness, dizziness, difficulty in thinking, and blurry vision. The subjects rated the intensity of each symptom from 0 (none) to 10 (severe).
A primed continuous infusion of 80 mU ⅐ m Ϫ2 ⅐ min Ϫ1 of regular human insulin was started, and the glucose clamp technique was used to adjust the blood glucose concentration (24) . Blood glucose was measured every 2.5-5 min. The study subjects were blinded to the blood glucose concentration throughout the study. Glucose concentration was initially stabilized between 4.5 and 5.5 mmol/l. During a hypoglycemic clamp, blood glucose was permitted to slowly decrease to the first target level of 3.0 -3.5 mmol/l (mild hypoglycemia), and then to the second target level of 2.0 -2.5 mmol/l (moderate hypoglycemia). Thereafter, the glucose concentration was slowly increased, and the study was continued during euglycemia. During the euglycemic clamp, blood glucose was kept at the level of 4.5-5.5 mmol/l throughout the study, but the measurements were performed four times (as during the hypoglycemic clamp) at regular intervals. All of the measurements were performed only after clamping blood glucose at a desired range. Measurements. Blood glucose was analyzed at the bedside, using the glucose dehydrogenase method (B-Glucose Analyzer; HemoCue, Ä ngelholm, Sweden). Blood HbA 1c (Pharmacia, Uppsala, Sweden), plasma epinephrine, and norepinephrine (Acclaim; Bio-Rad, Hercules, CA) were determined by highperformance liquid chromatography. The glucagon (Diagnostic Products, Los Angeles, CA), growth hormone (GH; Pharmacia), intact adrenocorticotropic hormone (Nichols Institute Diagnostics, San Juan Capistrano, CA), and cortisol (Orion Diagnostica, Oulunsalo, Finland) concentrations were determined by radioimmunoassay, as recommended by the manufacturers. Serum potassium was measured by an ion-selective electrode.
The analysis of heart rate variability was accomplished with a special software package (Hearts7; Heart Signal, Kempele, Finland). At the steady state of every glucose level, a 15-min period when no other tests were performed was selected for the analysis of heart rate variability. The spectral analysis was accomplished as described by the Task Force of European Society of Cardiology and the North American Society of Pacing and Electrophysiology (25) . The high-frequency (0.15-0.40 Hz) and low-frequency (0.04 -0.15 Hz) components and the ratio of low to high frequency were calculated. For dynamic measures of heart rate variability, a quantitative analysis of Poincaré plot was used as described in detail previously (26) . Of the quantitative parameters, beat-to-beat R-R interval variability (SD1 of Poincaré plot analysis) and long-term heart rate variability (SD2) were calculated. The standard deviation of N-N intervals (SDNN 15 of the Poincaré plot) was used as a time domain measure of heart rate variability.
Statistical methods. Standard statistical methods were used for the calculation of means and SDs. Because of the skewed distributions, a logarithmic transformation to the natural base was performed on the measures of heart rate variability. Changes in the variables at the different glucose levels were studied using ANOVA for repeated measurements. The differences between groups at each glucose level were further analyzed by independent-samples t test. The nonparametric Friedman test was used on the absolute values of spectral analysis of heart rate variability. The results are presented as the means Ϯ SD and Spearman's bivariate correlation coefficients (r).
RESULTS
Changes in heart rate, heart rate variability, and BP during the hyperinsulinemic clamp. At every glucose level, heart rate was higher and all other heart rate variability indexes, except the ratio of low to high frequency, were lower in the diabetic patients than the healthy control subjects (Table 2 ). During hypoglycemia, there was a similar increase of supine heart rate in both groups ( Table  2) . Mean BP showed a nonsignificant decreasing trend at hypoglycemia, and the change was similar in both groups.
Total heart rate variability (SDNN 15 ) did not change during hypoglycemia among the diabetic patients (Table  2) . However, the high-frequency spectral component of heart rate variability decreased significantly, and a nonsignificant trend toward a decrease of the low-frequency component was also observed (Table 2 , Fig. 1 ). There was also a nonsignificant trend toward an increasing ratio of low to high frequency. SD1 also decreased at hypoglycemic glucose levels, but long-term heart rate variability (SD2) remained unchanged (Fig. 1) . The high-frequency spectral component and SD1 did not decrease significantly during mild hypoglycemia, but a pronounced and significant decrease of these measures was observed at moderate hypoglycemia (Fig. 2) .
Among the nondiabetic subjects, the changes in the measures of heart rate variability at hypoglycemia were similar to those observed in the diabetic patients ( Table  2 ). The high-frequency spectral component and SD1 decreased significantly, and the ratio of low to high frequency showed a nonsignificant increasing trend. No significant differences were observed in the heart rate or heart rate variability responses between the diabetic patients and control subjects during the entire clamp procedure.
At euglycemia, there were no significant changes in the heart rate, the high-and low-frequency spectral components, or SD1 among all the study subjects. Only a modest increase of the ratio of low to high frequency occurred at the last euglycemic step in the diabetic patients (P Ͻ 0.05). During the euglycemic clamp, the high-and low-frequency power of heart rate variability and SD1 were significantly lower among the diabetic patients compared with the healthy control subjects (P Ͻ 0.01 for all). The response of counterregulation hormones during the hyperinsulinemic clamp. In both groups, the serum concentrations of potassium decreased during the hypoglycemic and euglycemic clamp ( Table 3) . As expected, the diabetic patients had an impaired response of glucagon to hypoglycemia compared with the healthy subjects (Table 3). The response of epinephrine was also blunted in the diabetic patients (from 0.2 Ϯ 0.1 to 1.7 Ϯ 1.6 nmol/l in the diabetic group and from 0.2 Ϯ 0.1 to 3.1 Ϯ 1.4 nmol/l in the control group) ( Table 3 ). The response of norepinephrine tended to be attenuated in the diabetic group (from 1.3 Ϯ 0.3 to 1.8 Ϯ 0.6 nmol/l) compared with the control group (from 1.3 Ϯ 0.3 to 2.2 Ϯ 0.4 nmol/l). The increases in the concentrations of cortisol, adrenocorticotropic hormone, and GH were significant among the healthy control subjects at hypoglycemia. The response of these counterregulation hormones was blunted in the diabetic patients (Table 3) . During the euglycemic clamp, there were no significant increments in glucagon, epinephrine, norepinephrine, or other hormone concentrations in either group (Table 3) . None of the baseline variables (e.g., the age or the duration of diabetes) correlated with the changes in heart rate variability measures during controlled hypoglycemia. The rise of the plasma epinephrine or norepinephrine level, or other hormones, had no significant correlation with the changes in any of the heart rate variability Data are means Ϯ SD. ⌬, changes in a parameter between the third and first measurements at hypoglycemia and between the fourth and first measurements at euglycemia; SD1, standard deviation of instantaneous beat-to-beat R-R interval variability; SD2, standard deviation of continuous beat-to-beat R-R interval variability. The symbols indicate the difference between the diabetic patients and healthy control subjects in independent samples t test: *P Ͻ 0.01; †P Ͻ 0.001; ‡P Ͻ 0.05. measures in either the diabetic patients or the healthy control subjects. As expected, the healthy subjects had more hypoglycemic symptoms at the lowest glucose level compared with the diabetic patients (31 Ϯ 25 vs. 18 Ϯ 10 points, P Ͻ 0.01). The severity of symptoms did not correlate with changes in heart rate variability indexes.
FIG. 2. Examples of power spectra and
Poincaré plots from a diabetic patient during euglycemia and during hypoglycemia. Hypoglycemia typically shows reduced low and particularly reduced high-frequency (HF) spectral power and reduced beat-to-beat variability (SD1) in Poincaré plot.
TABLE 3
Serum potassium, cortisol, and GH concentrations and plasma glucagon, epinephrine, norepinephrine, and ACTH concentrations at each glycemic plateau during a hypoglycemic clamp and a euglycemic clamp The symbols indicate the difference between the diabetic patients and healthy control subjects in independent samples t test. *P Ͻ 0.01; †P Ͻ 0.001; ‡P Ͻ 0.05. ⌬, changes in a parameter between the third and first measurements at hypoglycemia and between the fourth and first measurements at euglycemia; ACTH, adrenocorticotropic hormone; BG, blood glucose.
DISCUSSION
The results of this study showed that cardiac vagal activity, as assessed by the high-frequency component and SD1, decreases progressively during controlled hypoglycemia. The changes in cardiac autonomic regulation were similar between the diabetic patients and the nondiabetic subjects during the hypoglycemic clamp. Thus, prolonged hypoglycemia seems to be associated with a decrease in cardiac vagal outflow. Autonomic function in type 1 diabetic patients. The average heart rate was higher and all heart rate variability indexes lower at baseline and at all glucose levels during the euglycemic and hypoglycemic clamps among the diabetic patients compared with the control subjects, suggesting impaired cardiovascular autonomic function. These findings concur with previous studies showing impaired heart rate variability in diabetes (14, 16, 17) . However, the routine tests of the autonomic nervous system were within normal limits in diabetic patients (12) (13) (14) (15) (16) (17) (18) . It is obvious that these tests are not sensitive enough in detecting subtle abnormalities in cardiac autonomic function, which can be better uncovered by assessment of continuous heart rate variability (17) or by measurement of baroreflex sensitivity (27, 28) . Despite the impaired autonomic function, the responses of cardiac autonomic regulation to hypoglycemia were within the same range between the diabetic patients and the nondiabetic control subjects. Effects of hypoglycemia on cardiovascular autonomic regulation. The high-frequency spectral component of heart rate variability and SD1 analyzed from Poincaré plots have been previously shown to reflect the cardiac vagal outflow (29 -31) . Both high-frequency oscillations of heart rate and short-term heart rate oscillations (SD1) measured from return plots are almost absent after vagal blockade (30, 31) . The latter index (SD1) was used in this study in addition to spectral analysis because it is less sensitive to trends in heart rate itself when compared with analysis of the high-frequency power spectral component (26) . The increase of heart rate itself, regardless of its origin, may also result in a reduction of these heart rate variability indexes. However, in the present study, the increase of heart rate and the decrease of high-frequency power and SD1 were not related to an increase of epinephrine or norepinephrine, suggesting that adrenomedullary sympathoexcitation was not the primary cause of altered heart rate variability, but that these changes were most likely a result of reduced cardiac vagal outflow caused by hypoglycemia itself. Previous studies have provided conflicting results regarding the effect of hypoglycemia on heart rate and heart rate variability. Premature ventricular beats, severe nodal bradycardia, and an increase in heart rate have been observed (32, 33) . Russel et al. (34) found an increase in heart rate in nondiabetic and intensively treated type 1 diabetic patients during both hypoglycemic and euglycemic hyperinsulinemia, without a statistically significant difference between the euglycemic and hypoglycemic conditions. To our knowledge, our study is the first reporting the effects of hypoglycemia on heart rate variability among diabetic patients.
Regarding the effect of hypoglycemia on heart rate and heart rate variability in healthy subjects, the present findings differ from the results of two recent studies (19, 20) . Laitinen et al. (19) did not observe any responses in cardiac parasympathetic regulation during a hyperinsulinemic-hypoglycemic clamp in healthy nondiabetic subjects. Schä chinger et al. (20) did not find any significant changes in heart rate during a hyperinsulinemic-hypoglycemic clamp, but they did observe a small increase in the high-frequency spectral component (20) . There are salient differences between the previous studies and the present one, which probably explain the divergent results. Laitinen et al. used a single-day study protocol in which hypoglycemia followed euglycemia, which differed from our protocol. They also targeted higher blood glucose values (3.0 mmol/l) with weaker stimulation of the autonomic nervous system. Schä chinger et al. used a 2-day single-blinded crossover design similar to ours, but they also targeted a higher glucose level (2.7 mmol/l) than we did here. In both studies, a shorter period (5 min) was used for the analysis of changes in heart rate and heart rate variability compared with the present study (15 min). Short recording periods may distort the analysis of spectral components of heart rate variability because of trends in the average heart rate itself. Together, these observations support the view that mild short-term hypoglycemia does not result in significant changes in either the heart rate or heart rate variability, but more marked and prolonged hypoglycemia, as in the present study, clearly increases the heart rate and decreases the high-frequency oscillations of heart rate. Effects of hyperinsulinemia. The responses to hypoglycemia were assessed here during a hyperinsulinemic clamp. There is some evidence that supraphysiological concentrations of insulin per se may have effects on neuroendocrine responses. At comparable levels of hypoglycemia, epinephrine, norepinephrine, cortisol, and GH responses appear to increase along with greater hyperinsulinemia (35) . However, no significant changes occurred in any of the heart rate variability indexes during the hyperinsulinemic-euglycemic clamp in the present study, suggesting that the observed changes in vagal indexes during the hypoglycemic clamp were caused by hypoglycemia itself but not caused by hyperinsulinemia. Furthermore, the last measurements of heart rate variability were assessed after reaching euglycemia during the hypoglycemic clamp, and these measurements revealed the restoration of high-and low-frequency power to the level preceding hypoglycemia. Similarly, a previous study did not observe any changes in the average heart rate during a hyperinsulinemic-euglycemic clamp (36) . A small increase of the ratio of low to high frequency was observed in the euglycemic hyperinsulinemic state in the diabetic subjects, suggesting that insulin itself may have some effects on the sympatho-vagal balance. Another study also documented an increase in the ratio of low to high frequency after high-and low-rate insulin infusions among healthy women at euglycemia (37) . Implications. The present study showed that moderate prolonged hypoglycemia results in reduced cardiac vagal outflow in both diabetic patients and nondiabetic subjects. Several clinical and experimental studies have documented the cardioprotective role of vagal activity during various clinical settings (38 -41) . Because diabetic pa-tients already have reduced cardiac vagal outflow at the euglycemic state, and because hypoglycemia further attenuates this outflow, it is possible that this phenomenon may have some clinical importance in contributing to adverse clinical events (e.g., the occurrence of "dead-in-bed" syndrome), but further studies are obviously needed to confirm this association. Finally, the experimental conditions were artificial here and differ from real life, where the rate and depth of hypoglycemia are not controlled. Therefore, more studies during spontaneous hypoglycemia will be needed to assess more definitively the role of autonomic regulation during hypoglycemia.
